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(54) A process for producing acrylic acid 

(57) A process comprising producing acrylic acid by 
vapor-phase catalytic oxidation of acrolein or acrolein- 
containing gas with molecular oxygen or molecular oxy- 
gen-containing gas in a catalyst-filled fixed bed shell- 
and-tube reactor, which process is characterized in that 



(1) the catalyst in each of the reaction tubes in said 
fixed bed shell-and-tube reactor is divided in the 
axial direction so as to provide plural reaction zones 

(2) each reaction zone is filled with catalyst having 
an activity level such that the catalyst activity level 
rises from a gas-inlet side of each reaction tube 
toward a gas-outlet side thereof. 
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Description 

[Technical field to which the invention belongs] 

5 [0001] This invention relates to a process for producing acrylic acid by vapor-phase catalytic oxidation of acrolein 
or an acrolein-containing gas with molecular oxygen or a molecular oxygen-containing gas, using a fixed bed shell-and- 
tube reactor. 

[Conventional technology] 

10 

[0002] A large number of proposals have been made in the past concerning the catalysts to be used in the occa- 
sions of preparing acrylic acid through vapor-phase catalytic oxidation of acrolein or acrolein-containing gas. For exam- 
ple. Official Gazettes of Patent Publications, Sho 41 (1966)-1775B1 disclosed catalysts comprising molybdenum and 
vanadium; Sho 44 (1 969)-26287B1 disclosed those comprising molybdenum, vanadium and aluminium; Sho 50 

ir. ( 1 975)-25914Bl , those comprising molybdenum and vanadium, which are prepared by a process characterized in that 
vanadyl oxalate is caused to be present at the time of the catalyst preparation; and Sho 57 (1 982)-541 72B1 those com- 
prising molybdenum, vanadium, titanium and optionally at least an element selected from the group consisting of iron, 
copper, cobalt, chromium and manganese. Of these catalysts, some do attain considerably high level of acrylic acid 
yield from industrial standpoint, but industrial production of acrylic acid using these catalysts is still subject to a number 

:>o of problems. 

[0003] One of the problems is occurrence of localized abnormally high temperature zone (hot spot) in the catalyst 
layer. For example, in industrial scale production, productivity of the object product i.e., acrylic acid, must be raised, and 
generally such means as increasing concentration of starting acrolein or space velocity are adopted to achieve this pur- 
pose. When such means is adopted, however, the reaction conditions come to be considerably restricted, because the 
25 involved vapor-phase catalytic reaction is extremely exothermic and under the heavy-load operative condition, the tem- 
perature at the hot spot rises with increase in the reaction amount of acrolein. In consequence, over-oxidation takes 
place to reduce the yield and accelerate thermal deterioration of the catalyst, in the worst case even causing run-away 
reaction. 

[0004] For controlling formation of a hot spot or abnormal accumulation of heat at the hot spot, acrolein concentra- 
te? tion in the starting material may be dropped or the space velocity may be decreased. However, such means lower the 
productivity and are economically disadvantageous. Also as another means diameter of reaction tubes may be made 
small to improve heat-removing efficiency, but such is subject to limitations incurred in industrial production and to the 
disadvantage of high reactor cost. 

[0005] As to means for keeping hot spot. temperature low, a number of proposals have been made besides those 
35 stated above. For example, Official Gazettes of Patent Publications, Sho 53 (1978)-30688B1 disclosed a method of 
diluting the catalyst layer at the gas-inlet side of the reactor with an inert substance; and Hei 7 (1995)-10802A1 pro- 
posed a method of sequentially increasing the carried ratio of catalytically active substance, from the gas-inlet side 
toward the gas-outlet side of the reactor. However, in the former method, it requires strenuous effort to uniformly mix the 
inert substance for dilution with catalyst, and it is not always possible to fill the mixture in the reaction tubes, maintaining 
40 the uniformly mixed state, which render the method still unsatisfactory. In the latter method, it is not necessarily easy 
per se to control the carried ratios of catalytically active substance. Furthermore, the catalysts useful therefor are limited 
to those carrier-supported type, i.e., to those in which catalytically active components are carried on inert carriers, and 
the catalytically active component by itself, as compression-molded or tabletted, cannot be used. A still further problem 
common between the two methods is that the gas-inlet side catalyst deteriorates faster than the catalyst at the gas-out- 
45 let side because the amount of the catalytically active substance at the gas-inlet side is less than that at the gas-outlet 
side, and in consequence continuation of the reaction over prolonged period while maintaining a high yield may become 
impossible. 

[0006] Therefore, to control the heat accumulation at the hot spot is very important for industrial production of 
acrylic acid at high yields as well as for enabling stable operation over prolonged periods, inhibiting catalyst deteriora- 
50 tion. It is of particular importance to prevent accumulation of heat at the hot spot where molybdenum-containing cata- 
lysts are used, because molybdenum component readily sublimes. 

[0007] Accordingly, therefore, the object of present invention is to provide a means for solving this problem. 
[Means for solving the problem] 

55 

[0008] We have made concentrative studies with the view to solve the above problem and discovered that the 
above object can be accomplished by filling the reaction tubes in a fixed bed shell-and-tube reactor to be used for the 
reaction with catalyst following a specific design, i.e., by using plural kinds of catalysts having different activity levels and 
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filling the reaction tubes with them as arranged in such a manner that the catalytic activity should increase from the gas- 
inlet side of the reaction tubes toward the gas -outlet side. Thus the present invention is completed. 
[0009] Thus, according to the present invention, a process for producing acrylic acid by vapor-phase catalytic oxi- 
dation of acrolein or an acrolein -containing gas with molecular oxygen or a molecular oxygen-containing gas using a 
5 catalyst-filled fixed bed shell-and-tube reactor is provided, which process is characterized by providing plural reaction 
zones in each reaction tube in said fixed bed shell-and-tube reactor, by dividing inside of each of said tubes in the axial 
direction thereof, and filling the plural reaction zones with plural catalysts of different activity levels in such a manner 
that the activity level rises from the gas-inlet side of each reaction tube toward the gas-outlet side thereof. 

io [Working embodiment of the invention] 

[0010] The starting material used in the present invention is acrolein or acrolein-containing gas. As such, acrolein- 
containing gas produced upon catalytic vapor-phase oxidation of propylene can be used as it is, or the acrolein isolated 
therefrom may be used upon optional addition of oxygen, steam and other gas(es). 
is [0011] The catalysts used in the present invention are complex oxides whose essential components are molybde- 
num and vanadium and which are expressed by the following general formula (1 ) 



(wherein Mo is molybdenum; V is vanadium; W is tungsten; Cu is copper; A is at least an element selected from 
the group consisting of zirconium, titanium and cerium; Q is at least an element selected from a group consisting of 
magnesium, calcium, strontium and barium; R is at least an element selected from the group consisting of niobium, 
25 antimony, tin, tellurium, phosphorus, cobalt, nickel, chromium, manganese, zinc and bismuth; D is at least an element 
selected from alkali metals; and O is oxygen; and a, b, c, d, e, f, g, h and i represent atomic ratios of Mo, V, W, Cu, A, 
Q, R, D and O respectively, in which where a is 12, 1^b^T4, 0<c=§12, 0<d^6, 0=ie^10, 0^3, Ogg^l 0 and 0^hs5, and 
i is a numerical value determined by degree of oxidation of each of the elements). 

These catalysts can be prepared by any methods which are generally practiced for preparing this type of catalysts. 
30 Starting materials to be used for preparing those catalysts are subject to no critical limitation, and ammonium salts, 
nitrates, carbonates, sulfates, hydroxides, oxides and the like of those metal elements, which have been generally used 
are useful. Compounds each containing plural metal elements may also be used. 

[0012] Plural catalysts which are represented by general formula (I) and have different activity levels can be easily 
prepared by varying kind(s) and/or amount(s) of the D group elements in said general formula (I). More specifically, by 
35 selecting at least an element from alkali metals (lithium, sodium, potassium, rubidium, cesium etc.) constituting the D 
group and/or varying the amount of the so selected element within the atomic ratio specified therefor in general formula 
(I), catalysts of different activity levels can be obtained. 

[0013] The term, "activity" as herein used signifies conversion of the starting material. 

[001 4] The catalysts to fill the reaction zones according to the invention may be molded catalysts formed by molding 
40 the catalytic components into a predetermined shape; carrier-supported catalysts in which the catalytic components 
are carried on an optional inert carrier having a specific shape; or such molded catalyst may be used in combination 
with carrier-supported catalyst. While shape of the catalysts to fill the reaction zones may be same or different, it is nor- 
mally preferred that a molded catalyst of identical shape or a carrier-supported catalyst of identical shape should be 
filled within a same reaction zone. 
45 [0015] The shape of the oxidation catalyst is subject to no critical limitation, which may be spherical, columnar, (pel- 
letized), ring-formed or amorphous. Obviously, when it is spherical, it is unnecessary to be true spheres but may be sub- 
stantially spherical. Obviously, this statement also applies to columns and rings. 

[0016] When carrier-supported type catalysts are used, the ratio of the catalytic component to the carrier (carried 
ratio) in the catalyst which is filled in each reaction zone may be same or different, while it is normally simpler for the 

so catalyst-producing operations and advantageous for prolonging the catalyst life, to use a catalyst of same carried ratio. 
Kind of the carrier material itself is not critical, but any of those which are normally useful in preparing catalysts for 
acrylic acid production through vapor-phase oxidation of acrolein may be used. Specific examples of useful carriers 
include alumina, silica, silica-alumina, titania, magnesia, silica-magnesia, silica-magnesia-alumina, silicon carbide, sil- 
icon nitride, zeolite and the like. 

55 [0017] Heat-treating temperature (calcining temperature) in the course of catalyst preparation is not subject to any 
particular limitation. The heat-treating temperatures of the catalysts to be filled in each of the reaction zones may be 
same or different. 

[0018] According to the invention, inside space of each reaction tube in fixed bed shell-and-tube reactor is radially 




(i) 
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divided along the axial direction of the tube to provide plural reaction zones, and those plural reaction zones are filled 
with plural catalysts of different activity levels as above-described in such a manner that the activity should increase 
sequentially from the gas-inlet side toward the gas-outlet side. That is, a catalyst of the lowest activity is disposed at the 
gas-inlet side and that of the highest activity, at the gas-outlet side. By the arrangement of plural catalysts of different 
5 activity levels, heat accumulation at the hot spot can be inhibited and the object product can be obtained with high 
selectivity. 

[0019] The more the number of the reaction zones, the easier the temperature distribution control in the catalyst 
layers. For industrial practice, however, around 2 to 3 reaction zones are sufficient to accomplish the intended effect. 
The dividing ratio between the reaction zones cannot be generally determined because the optimum ratio depends on 
io the reaction conditions and the composition, shape and size, etc. of the catalysts filling each of the reaction zones in 
individual runs. The ratio, therefore, may be suitably selected to obtain the optimum activity and selectivity as a whole. 
[0020] The vapor-phase catalytic oxidation reaction can be conducted by either ordinary one-pass method or by 
recycling, under the conditions generally adopted for this type of reaction. 

[0021] According to the process of the present invention, particularly remarkable, excelling result over conventional 
15 processes can be achieved under heavy-load reaction conditions intended for raising productivity, for example, under 
higher concentration of the starting material and/or higher space velocity. 

[Effects of the invention] 

20 [0022] According to the invention, such favorable effects as: 

(a) acrylic acid is obtained at high yield, 

(b) heat accumulation at hot spot can be effectively inhibited, 

(c) catalyst deterioration under heat is prevented to allow stable use of the catalyst over prolonged period, and 

25 (d) productivity can be largely increased because the process is capable of producing acrylic acid at high yield with 

stability under such heavy-load operation conditions as high concentration of starting material and/or high space 
velocity, 

by using plural specific molybdenum-vanadium-containing catalysts of different activity levels and filling them in the 
catalyst layer which is divided into plural zones, in such a manner that the activity should increase from the gas- 
so inlet side toward the gas-outlet side. 

[0023] The process of the present invention, therefore, is very advantageous for industrial production of acrylic 
acid. 

35 [Examples] 

[0024] Hereinafter the present invention is explained more specifically referring to working Examples, it being 
understood that the invention is in no way thereby limited. In the Examples/acrolein conversion, acrylic acid selectivity 
and acrylic acid yield are defined by the following equations. 

40 

Acrolein conversion (mol %) = (mol number of reacted acrolein / mol number of supplied acrolein) x 1 00 
Acrylic acid selectivity (mol %) = (mol number of formed acrylic acid / mol number of reacted acrolein) x 100 
45 Acrylic acid yield (mol %) = (mol number of formed acrylic acid / mol number of supplied acrolein) x 1 00 

Example 1 

[0025] Into 4000 ml of water, 676 g ammonium molybdate, 149.3 g of ammonium metavanadate and 215.4 g of 
so ammonium paratungstate were dissolved under heating and stirring. Separately, 154.2 g of copper nitrate and 16.1 g 
of potassium nitrate were dissolved in 200 ml of water under heating and stirring. Thus formed two aqueous solutions 
were mixed and put into a porcelain evaporator on a hot water bath and stirred with 2500 g of silica-alumina carrier of 
5 mm in diameter until the whole system was evaporated to dry solid and the catalytic components were supported on 
the carrier, followed by a heat treatment in open air at 400°C for 6 hours. Thus catalyst (1 ) was obtained, whose metallic 
55 elementary composition excepting oxygen was as follows: 
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Moi2V 4 W 2Ji Cu 2 K M . 

5 

[0026] Catalyst (2) was prepared in the identical manner with preparation of above catalyst (1), except that no 
potassium nitrate was used. The metallic elementary composition of catalyst (2) excepting oxygen was as follows: 

10 

Mo^W^Cuj,. 



w [0027] The activity levels of catalysts (1 ) and (2) were different. As is clear from the results of later appearing Com- 
parative Examples 1 and 2, catalyst (2) had higher activity than catalyst (1). 

[0028] Stainless steel reaction tubes of 25 mm in inner diameter each which had been heated with molten nitric 
acid salt, were filled with these catalysts: starting from the gas-inlet side, catalyst (1) was filled to a layer length of 1 000 
mm, and then catalyst (2) was filled to a layer length of 2000 mm. A reactant gas having the following composition was 
20 introduced into the reactor at a space velocity (SV) of 2000 hr' 1 to be reacted: 



acrolein 




6 vol. 


% 


air 




30 vol. 


% 


steam 




40 vol. 


% 


inert gase 


s such as nitrogen 


24 vol. 


% 



30 

[0029] The result was as shown in Table 1 . 
Comparative Example 1 

35 [0030] The oxidation reaction of Example 1 was repeated except that catalyst (2) was not used but catalyst (1) 
alone was filled to a layer length of 3000 mm. The result was as shown in Table 1 . 

Comparative Example 2 

AO [0031] The oxidation reaction of Example 1 was repeated except that catalyst (1) was not used but catalyst (2) 
alone was filled to a layer length of 3000 mm. The result was as shown in Table 1 . 

[0032] From the results as given in Table 1 , it is understood that catalyst (1 ) has very low activity and that catalyst 
(2) has high activity but low acrylic acid selectivity, both giving low acrylic acid yields. By contrast, use of the catalyst 
system in which these catalysts (1) and (2) were combined according to the present invention gave high acrylic acid 
45 yield. 

Example 2 

[0033] Into 4000 ml of water, 676 g of ammonium molybdate, 186.6 g of ammonium metavanadate and 129.3 g of 
so ammonium paratungstate were dissolved under heating and stirring. Separately, 154.2 g of copper nitrate, 13.5 g of 
strontium nitrate and 12.4 g of cesium nitrate were dissolved in 200 ml of water under heating and stirring. The two 
aqueous solutions were mixed and further 109.8 g of cerium oxide was added thereto, followed by further heating and 
stirring until the whole system was evaporated to dry solid. The blocks of said solid were further dried in a dryer at 
120°C for 5 hours and pulverized to about 100 mesh in size, to provide a powder. Into a centrifugal flow-coater steatite 
55 carrier of 5 mm in diameter was fed and subsequently the above powder was thrown into the flow-coater together with 
distilled water serving as a binder, through hot air stream of 90°C, to have the carrier carry the catalytic component. The 
carrier-supported catalyst was heat-treated in air at 400°C for 6 hours, to provide catalyst (3). The metallic elementary 
composition of this catalyst excepting oxygen was as follows: \ 
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Mo 12 V 5 W j 5 Cu 2 Sr 0 2 Ce 2 Cs 0 2 



[0034] Catalyst (4) was prepared in the identical manner with the preparation of above catalyst (3), except that no 
cesium nitrate was used. The metallic elementary composition of this catalyst excepting oxygen was as follows: 

Mo^V 5 W 15 Cu 2 Sr 02 Ce 2 . 



[0035] The oxidation reaction of Example 1 was repeated except that catalyst (3) was used to fill each of the reac- 
tion tubes from the gas-inlet side thereof to a layer length of 800 mm, and catalyst (4), to fill the gas-outlet side to a layer 
length of 2200 mm. The result was as shown in Table 1 . 

Comparative Example 3 

[0036] The oxidation reaction of Example 2 was repeated except that catalyst (4) was not used but catalyst (3) 
alone was filled to a layer length of 3000 mm. The result was as shown in Table 1 . 

Comparative Example 4 

[0037] The oxidation reaction of Example 2 was repeated except that catalyst (3) was not used but catalyst (4) 
alone was filled to a layer length of 3000 mm. The result was as shown in Table 1 . 

Example 3 

[0038] Into 4000 ml of water, 676 g ammonium molybdate, 224 g of ammonium metavanadate and 103.4 g of 
ammonium paratungstate were dissolved under heating and stirring. Separately, 231.3 g of copper nitrate and 24.9 g 
of cesium nitrate were dissolved in 200 ml of water under heating and stirring. The two resultant aqueous solutions were 
mixed, and further 76.5 g of titanium oxide and 46.5 g of antimony trioxide were added to the mixture, followed by further 
heating and stirring for evaporating the system to dry solid. Blocks of the solid were further dried at 120°C for 5 hours 
in a dryer and pulverized to about 100 mesh in size, to provide a powder. The powder was shaped into rings of each 6 
mm in outer diameter, 2 mm in inner diameter and 6 mm in height with a tabletting machine, and heat-treated at 400°C 
for 6 hours in air to provide catalyst (5). The metallic elementary composition of this catalyst excepting oxygen was as 
follows: 



Mo 12 V 6 W 1J ,Cu 3 Sb 1 Ti 3 Cs 04 . 



[0039] Catalyst (6) was prepared in the identical manner with the preparation of above catalyst (5), except that 24.9 
g of the cesium nitrate was replaced with 12.9 of potassium nitrate. 

[0040] Catalyst (7) was prepared in the identical manner with the preparation of above catalyst (5), except that no 
cesium nitrate was used. Furthermore, catalyst (8) was prepared in the identical manner with the preparation of catalyst 
(5), except that the amount of cesium nitrate was varied. The metallic elementary compositions excepting oxygen of 
catalysts (6), (7) and (8) were as follows: 
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catalysts (6) 

Mo 12 V 6 W 12 Cu 3 Sb 1 Ti 3 K 04 ; 

5 

catalysts (7) 

Mo 12 V 6 W^Cu 3 Sb 1 Ti 3 . 
10 catalysts (8) 

Mo 12 V 6 W 1 ^Cu 3 Sb 1 Ti 3 Cs 02 . 

15 [0041] Reaction tubes in the same reactor as the one used in Example 1 were charged with catalyst (5), catalyst 
(6) and catalyst (7) by the order stated, from the gas-inlet side toward the gas-outlet side, to a layer lengths of 800 mm, 
800 mm and 1400 mm, respectively, and the reactant gas having the following composition was introduced into the 
reactor at a space velocity (SV) of 2000 hr" 1 to carry out the oxidation reaction: 

20 



acrolein 




7 vol. 


% 


air 




35 vol. 


% 


steam 




1 0 vol. 


% 


inert gase 


s such as nitrogen 


48 vol. 


% 



[0042] The result was as shown in Table 1 . 

30 

Comparative Example 5 

[0043] The oxidation reaction of Example 3 was repeated except that catalyst (5) alone was used instead of the 
combined use of catalysts (5), (6) and (7), which was filled to a layer length of 3000 mm. The result was as shown in 
35 Table 1 . 

Comparative Example 6 

[0044] The oxidation reaction of Example 3 was attempted, the only change from Example 3 being that catalyst (6) 
40 alone was filled in the reaction tubes to a layer length of 3000 mm, instead of the combined use of catalysts (5), (6) and 
(7). Whereas, the temperature at the hot spot of the catalyst layer exceeded 360°C and the reaction was suspended. 
After dropping the reaction temperature to 240°C, the reaction was resumed. The result was as shown in Table 1 . 

Comparative Example 7 

45 

[0045] The oxidation reaction of Example 3 was attempted, the only change from Example 3 being that catalyst (7) 
alone was filled in the reaction tubes to a layer length of 3000 mm, instead of the combined use of catalysts (5), (6) and 
(7). Although the reaction temperature was dropped to 240°C, still the temperature at the hot spot in the catalyst layer 
exceeded 360°C and tended to rise more, and the reaction was stopped. 

50 

Example 4 

[0046] The oxidation reaction of Example 3 was repeated except that catalyst (6) was replaced with catalyst (8). 
The result was as shown in Table 1 . 

55 

Comparative Example 8 

[0047] The oxidation reaction of Example 3 was attempted, the only change from Example 3 being that catalyst (8) 
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alone was filled in the reaction tubes to a layer length of 3000 mm, instead of the combined use of catalysts (5), (6) and 
(7). Whereas, the temperature at the hot spot of the catalyst layer exceeded 360°C and tended to rise more, and the 
reaction was suspended. After dropping the reaction temperature to 240°C, the reaction was resumed. The result was 
as shown in Table 1 . 
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Claims 

1. A process comprising producing acrylic acid by vapor-phase catalytic oxidation of acrolein or acrolein-containing 
gas with molecular oxygen or molecular oxygen-containing gas in a catalyst-filled fixed bed shell-and-tube reactor, 

5 which process is characterized in that 

(1 ) the catalyst in each of the reaction tubes in said fixed bed shell-and-tube reactor is divided in the axial direc- 
tion so as to provide plural reaction zones 

(2) each reaction zone is filled with catalyst having an activity level such that the catalyst activity level rises from 
io a gas-inlet side of each reaction tube toward a gas-outlet side thereof. 

2. A process according to claim 1 , wherein the catalysts are oxides or complex oxides of formula (I): 

Mo.V b W c Cu d A e Q ( R 8 D h O i (I) 



wherein Mo is molybdenum; V is vanadium; W is tungsten; Cu is copper; A is one or more element selected 
from zirconium, titanium and cerium; Q is one or more element selected from magnesium, calcium, strontium and 
20 barium; R is one or more element selected from niobium, antimony, tin, tellurium, phosphorus, cobalt, nickel, chro- 

mium, manganese, zinc and bismuth; D is one or more element selected from alkali metals; and O is oxygen; and 
a, b, c, d, e, f, g, h and i represent atomic ratios of Mo, V, W, Cu, A, Q, R, D and O, respectively, such that when a 
is 12, 1^b^14, 0<css12, 0<d^6, O^eslO, 0=if^3, OssgsslO and 0^h^5, and i is a numerical value determined by the 
degree of oxidation of each of the elements. 

25 

3. A process according to claim 2, wherein the catalysts used within a reaction tube differ from each other, in at least 
that they have different elements or combinations of elements as component D and/or have different amounts of 
component D and/or have different amounts of individual elements within component D. 

30 4. A process according to any one of claims 1 to 3, wherein the number of reaction zones is 2 or 3. 

5. A process according to any one of claims 1 to 4 comprising 

(a) filling catalyst into the gas-inlet side of each reaction tube; and 
35 (b) filling catalyst into the gas-outlet side of each reaction tube, wherein the activity of the catalyst filled into the 

inlet side differs from the activity of the catalyst filled into the outlet-side such that the catalyst activity level rises 
from the gas-inlet side to the gas-outlet side. 
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